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ABSTRACT 
JESSICA ELIZABETH BARNETT: Hinge Sequence Elements in Epithelial Cadherin 
Form and Function 
(Under the direction of Dr. Susan Pedigo) 
 
Cadherins play the vital role of mediating cell-cell adhesion in properly functioning 
tissues of the human body. Malfunction of these adherent cells can lead to drastic 
consequences like cancer metastasis. Thus, it is imperative to ensure the functionality of 
the molecular mechanism that drives these adhesive interactions. Of the various types, 
our studies specifically focused on the structure and function of the ‘hinge region’ in 
epithelial cadherin.  This ‘hinge region’, composed of amino acid residues C9, P10, and 
E11, was of particular interest because it is the site of strand-swapped dimerization. The 
residues P10 and E11 are conserved within the classical cadherin family; the residue C9 
is not. The E11 residue is the site of Ca2+ binding interaction, which confers structural 
tension in the protein. The neighboring positions of P10 and C9 are necessarily 
responsible for conveying this structural strain, which then drives the exchange of the 
βA-strands in the strand-swapped dimer. Our studies look into the essentiality of these C9 
and P10 residues. Our hypothesis is that cysteine in position 9 is not required, but that 
proline in position 10 is. The necessity of these specific amino acids was tested by 
comparing wild type ECAD12 proteins to mutated ECAD12 proteins with alanine 
residues instead of the typical cysteine in position 9 and proline in position 10. Evidenced 
by the results from extensive analytical and spectroscopic tests, we concluded that the C9 
residue is not essential to normal ECAD structure. Conversely, we found that the P10 
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residue does play a more influential role in proper ECAD conformation. This was 
exhibited by an increase in the stability of EC domain 2 and a change in the enthalpy of 
unfolding of EC domain 1 conferred by the mutated P10A protein. Surprisingly, neither 
mutation had an effect on the dimerization patterns of the ECAD12 protein, indicating 
that neither the C9 nor P10 residues are essential to strand-swapped dimerization.
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I. INTRODUCTION 
Cadherins are the major cell-cell adhesion protein in solid tissues. Cell-cell 
adhesion mediated by epithelial cadherin is the first communication between cells that 
will ultimately form epithelial tissue [1]. Once this connection is formed, the cells in the 
developing tissue differentiate, localizing proteins on specific surfaces in order to 
perform the distinct functions of the apical, lateral and basal surfaces of the tissue.  
Adhesion by epithelial cadherins must occur in order for a tissue to be stable [2]. Poor 
expression of epithelial cadherin or compromised communication with the cytoskeletons 
of adherent cells leads to epithelial-mesenchymal transition, a hallmark of metastatic 
cancer [3].  Since adhesion by cadherins must work flawlessly, we are interested in the 
molecular mechanism that drives adhesive interactions. Studies reported here address the 
role of specific residues in the “hinge” region, a structure at the adhesive interface. 
  
A. Cadherin Overview 
 Cadherins are an essential family of proteins that mediate calcium (Ca2+) 
dependent cell-cell adhesion and recognition. These transmembrane proteins span the 
phospholipid bilayer of various cell types facilitating cell-adhesion in tissues. This 
diverse family of classical cadherins is further classified into subgroups whose most well-
studied members are epithelial cadherin (ECAD) and neural cadherin (NCAD).  ECAD is 
a 120 kDa glycoprotein of the classical cadherin family governing intercellular 
homophilic interactions [4, 5]. This homophilic binding between ECAD is facilitated 
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through the conserved structure of classical cadherins. Classical cadherins contain three 
distinct regions: extracellular, membrane spanning, and cytoplasmic, as shown in Figure 
1.  The transmembrane structure allows binding between extracellular regions to 
communicate with the intracellular machinery of adherent cells. 
 
 
Figure 1.  Cadherin Structure.  The majority of the protein is extracellular, consisting of five tandem 
repeats (~520 out of ~650 total residues), with the two most distal domains involved in strand-swapped 
dimer formation. (Figure from Sigmaaldrich.com)
 
 
B. Cadherin Structure 
 The intracellular domain contains the C-terminus which interacts with α and β 
catenins which then interact with the actin cytoskeleton [6]. The transmembrane domain 
anchors the glycoprotein to the membrane. The extracellular region, consisting of five 
tandem repeats linked together by Ca2+, is the portion that interacts with identical proteins 
from other cells. The “extracellular cadherin” (EC) region, EC1-EC5, contains the bulk 
of the ~650 amino acids that compose the single polypeptide chain [7]. Interaction 
between the extracellular regions enables communication between actin cytoskeletons of 
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neighboring cells thereby providing essential mechanical coupling between adhesive cells 
[2]. 
 
C. Comparison of ECAD and NCAD 
 These overarching structural components are typical of the classical cadherin 
family as witnessed by widely conserved amino acid sequences. Comparison of the first 
two modular EC domains of epithelial cadherin (ECAD12) and neural cadherin 
(NCAD12) depicted in Figure 2 reveal that they are 56.3 % identical and 80.2 % similar. 
The high degree of similarity between these cadherin proteins indicated their similarity in 
form and function. The differing residues contribute to the varying roles that these two 
kinds of cadherin play in the body. Conserved amino acids of general interest include 
tryptophan in position 2 (W2), glutamate in position 11 (E11), and glutamate in position 
89 (E89), each playing important roles in stabilizing the strand-swapped dimer. Figure 2 
below shows a sequence comparison of the two most well studied members of this 
family, ECAD12 and NCAD12. 
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Figure 2.  LALIGN Comparison of NCAD and ECAD Amino Acid Sequences.  Depicted 
are the LALIGN [8] analysis results for the first two domains of mouse neural cadherin (NCAD12: 221 
amino acids) and epithelial cadherin (ECAD12: 219 amino acids).  Two dots indicate identical residues at 
that position, while one dot indicates similar residues at that position.  Similarity of residues is determined 
by characteristics of amino acid residues including hydrophobicity, H-bonding formation, polarity, and 
charge of side chains. 
 
D. Strand-swapping 
Specifically EC1, the most distal domain, mandates binding specificity in the 
extracellular environment [9]. The EC1 domain is the site of the strand-swapped dimer 
interface, where the N-terminal βA strands of adjoining cadherins are swapped (for 
structural studies of these constructs, c.f. [10]). In the closed-monomeric form, the N-
terminal βA strand is docked in its own hydrophobic pocket [11]. This docking is 
necessary for stability due to the presence of the hydrophobic amino acid tryptophan at 
position 2 (W2). Tryptophan is most stable when sequestered in the interior of a protein 
where it does not have as much contact with water [12]. Also contributing to the stability 
of the monomeric form is the favorable ionic interaction between the negatively charged 
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side chain of E89 and the positively charged N-terminus of the βA strand [11].  Both of 
these stabilizing interactions are illustrated by the model depicted in Figure 3. 
 
Figure 3.  Model of Ca2+ Dependent Dimerization.  Stabilizing interactions include W2 docked 
in the hydrophobic pocket in EC1 and ionic bonding of E89 and the N-terminus of the βA strand (small, 
adjacent red and blue spheres). Binding of Ca2+ (large red spheres) in the monomer causes strain in the 
hydrophobic pocket (shown in yellow), which is then relieved by strand-swapping dimerization. (Figure 
from Vunnam, et al (2011) [11].) 
 
As monomers, cadherins have these stabilizing hydrophobic and ionic 
intramolecular interactions which are also conserved when dimerization occurs. Based on 
these noncovalent interactions alone, the closed-monomer and the domain-swapped 
dimer would have similar conformational energies [9]. With no difference in stability, 
you might wonder why dimer formation proceeds and how it would be advantageous. 
Research has revealed that the driving force behind strand-swapped dimerization is 
calcium ion (Ca2+) binding [11].
 
E. Ca2+ Dependent Dimerization 
 In the apo state (total lack of Ca2+), adhesion is completely absent and the closed 
monomeric conformation of cadherin persists. For adhesive strand-crossover 
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dimerization to occur, calcium cation binding must first take place. Three Ca2+ are 
required to bind at each of the four binding pockets connecting the ectodomains (for a 
total of 12 calciums bound to EC1-EC5). This binding stabilizes the structure between the 
five EC domains by making it more rigid [6]. Binding of the calcium cations is 
cooperative, meaning that they must bind to the interfacial regions between domains in a 
distinct order to elicit dimerization [13]. As shown in Figure 4 (A), the calcium cations 
are located in very close proximity to each other within the ectodomain interfaces. In fact 
their separation is on the order of 0.7 Α (1ncj.pdb [14]) as opposed to 1 A between sites 
in the C-domain of calmodulin (1cln.pdb [15]). 
 The specificity of the Ca2+ binding interface is dictated by specific amino acid 
interactions in that region. The binding pockets are characterized by an abundance of 
negative charged residues (E and D), which interact favorably with the positively charged 
calcium ions. This negative charge is in part derived from partially negative carbonyl 
groups on loops that connect β-sheet regions within the EC domains. Another source is 
negatively charged amino acids immediately adjacent to the Ca2+ binding locations in the 
7-residue linker regions that connect adjacent EC domains. Aspartic acid (D) and 
glutamic acid (E) have acidic side chains that donate oxygens and serve as bridges which 
link the Ca2+ binding sites together. E11, E69, D103, D134, and D136 are all essential 
acidic amino acids that mediate calcium binding (Figure 4 (B)). Mutations of these 
critical amino acids disrupt Ca2+ binding, and therefore abrogate strand-swapped 
dimerization and cell-cell adhesion [13]. It is also interesting to note that the side chain of 
E11 binds to calciums in both sites 1 and 2. This bidentate phenomenon is also true for 
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E69 and D103. These linking residues highlight the close proximity and cooperativity of 
calcium binding in the interfacial region.
 
 
Figure 4.  Ca2+ Binding at the EC1-EC2 Interface.  (A) Ribbon drawing of the binding pocket 
between EC1 and EC2 showing Ca2+ (yellow spheres) binding locations. (B) The summary of Ca2+ binding 
amino acids (Vunnam, 2011). The number 1 indicates monodentate chelation and 2 indicated bidentate 
chelation. (Taken from [11]) 
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F. Importance of E11 
 Of particular interest is the E11 residue, due to its marked position at the C-
terminal end of the βA-strand, which is its only direct connection to calcium cation 
bonding. While the N-terminal is the side that participates in the physical strand 
swapping, the C-terminal end, specifically at the E11 residue, is where the binding 
interaction takes place. In the closed apo monomer, there is no strain because the βA-
strand is relatively flexible. When Ca2+ binding occurs, there is a conformational change 
in the structure of the βA-strand. This conformational change elongates, rigidifies, and 
stabilizes the βA-strand, causing strain in the hydrophobic pocket interactions with W2 of 
the monomer. This strain originates from the direct interaction of Ca2+ and the E11 
residue. The strain is then relieved by the formation of the strand-swapped dimer. This 
previously described sequence is depicted in Figure 3.
 
G. Hinge Region 
Just as the E11 residue plays an essential role in driving strand-swapped dimer 
formation, its neighboring amino acids are also very influential in this process. In ECAD, 
the glutamic acid in position 11 (E11) is preceded by a proline in position 10 (P10) and a 
cysteine in position 9 (C9; Figure 2). The P10 and C9 residues are immediately 
responsible for conveying the structural strain of Ca2+ binding at E11 to the βA-strand. 
This hinge region, composed of E11, P10, and C9, is integral to the functionality of 
strand-swapped dimerization and the overall execution of cadherin mediated cell-cell 
adhesion. Small alterations in this hinge region may disrupt or promote dimerization and 
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have a drastic impact on ECAD activity. For this reason, the P10 and C9 residues in the 
hinge region of the βA-strand are the focus of my work.
 
H. P10A 
 The P10 residue is widely conserved across cadherin types (including ECAD and 
NCAD as shown in Figure 2). Proline, unlike the other 19 common proteinogenic amino 
acids, has a unique ring structure. This ring confers special qualities including restricted 
rotation about the bond leading into the α-carbon, which is conducive to presence in 
hinge regions [16].  Proline also has the unique capability to have both cis and trans 
peptide bond conformations, which may allow it to serve as a conformational gatekeeper 
between monomeric and dimeric forms [17-20]. Proline is a frequently found component 
of hinge regions, but its presence there is not universal [21]. In order to assess the 
necessity of these specific characteristics of proline on dimerization, we compared 
samples of normal, wild type (WT) ECAD12 protein to samples of mutated ECAD12, 
lacking the proline at position 10. Instead of the proline residue, this mutated protein 
sample had an alanine at position 10 (P10A) instead.
 
I. C9A 
 C9 is a characteristic component of ECAD, but unlike P10, it is not widely 
conserved as shown by its absence in NCAD (notice L9 for NCAD12 in Figure 2). 
Cysteine is unique in its propensity to form disulfide bonds with other cysteine residues, 
due to the presence of its thiol side chain. One factor that contributes to the likelihood of 
forming disulfide bonds is the relative position of the cysteine residue on the protein. In 
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an exposed position, cysteine has a high likelihood of disulfide bond formation, while a 
sequestered locale prevents the possibility of disulfide formation. Another factor that 
plays into the probability of disulfide bond formation is the environment of the protein. In 
a reducing environment, like that of the cytoplasm of cells, disulfide bond formation is 
uncommon. Conversely, oxidizing conditions as found in the extracellular space promote 
disulfide bond formation. In the case of ECAD, disulfide formation creates a covalent 
dimer, a phenomenon that can then stabilize the EC domains and promote adhesion [22]. 
It is not known if this covalent dimer is relevant in vivo. We take a further look into the 
sequestration, environment, and overall importance of the C9 residue through comparison 
of WT to a mutated protein sample with an alanine in position 9 instead of cysteine 
(C9A).
 
J. Biophysical Studies of Calcium-induced Dimerization 
Studies in our lab usually focus on the linkage between calcium binding and 
dimerization. In the case of mutant proteins, we must also assess the effect of the 
mutation on the structure and stability of the protein.  Figure 5 below illustrates the 
linkage between folding of the protein to create the Mapo structure, binding of calcium to 
create the Msat structure, and then the self-association of two Msat molecules to make the 
Dsat, or calcium-saturated dimer. 
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Figure 5.  Linkage Diagram.  Mapo is the form of protein in our stocks.  To measure the staility of the 
apo-monomer, proteins are unfolded using thermal denaturation studies (to left of Mapo). Mapo will also bind 
calcium as a function of calcium concentration; from such titrations, we obtain calcium binding constants.  
Finally, calcium bound monomer (Msat) will self-associate when protein concentrations are high to create 
the calcium-saturated dimer, Dsat.  Dimerization can be measured by Sedimentation Equilibrium or Velocity 
measurements. (Figure from Pedigo Lab Library.) 
 
In the following section, the experimental methods and the basic principles of their 
operation will be elaborated.  Following will be the presentation of results and a 
discussion of their significance. 
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II. DESCRIPTION OF EXPERIMENTS AND METHODS 
A. Experimental Section  
1. Recombinant proteins:  ECAD WT, C9A and P10A 
 Cloning of original mouse E-cadherin gene into the Xa/LIC pET30 vector is 
described elsewhere [23].  The expression system was first developed by Studier et al 
[24], and is based on a double Lac repression system in which expression of the gene of 
interest and the gene for T7-RNA POL are induced by addition of a lactose analog, 
thereby exposing their promoters. Expression of the gene of interest is controlled by a 
T7-promoter, and the induced synthesis of T7-RNA POL.  The expression cell line was 
BL21(DE3). 
 Expressed protein is a fusion protein with 45 additional amino acids at its N-
terminus.  This fusion contains a His6 sequence for HisTag purification away from 
contaminating bacterial proteins, and a trypsin cleavage site allowing generation of an 
exposed N-terminal residue that is the relevant form as found in vivo [5]. 
2. Protein Overexpression and Purification 
We inoculated large cultures of LB Kanamycin with freshly plated cells that were 
grown overnight.  We closely monitored the cultures until they progressed into mid log 
phase between 0.6 and 1 AU, at which time we induced then with 1 mL of 0.4 M IPTG 
(final concentration 0.4 mM).  We then allowed the bacteria to overexpress our desired 
protein sequence for two hours. In order to purify the protein, we separated the cells from 
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the supernatant liquid, sonicated the cells, and then washed and centrifuged the cells with 
Triton-X to remove the cell membrane components. Following this fractionation and 
purification of inclusion bodies, we further purified the protein using His-Tag Affinity 
Chromatography.   
The protein pellet resulting from the centrifugation was dissolved in binding 
buffer for His-Tag with 6 M urea.  After mixing overnight and additional centrifugation, 
the supernatant, which contained the protein, was applied to a clean, equilibrated Ni-
affinity column. After adding binding buffer and washing buffer, the purified protein was 
eluted from the column using a buffer with high imidazole concentration and collected in 
labeled conicals.  We then dialyzed the digested protein with Trypsin Dialysis Buffer 
(neutral pH, high calcium concentration) and then cleaved off the N-terminal fusion with 
trypsin.  Digested proteins were then dialysed extensively in SEC Buffer (20 mM 
HEPES, 140 mM NaCl, pH 7.4). Once all purification was completed, we aliquotted the 
protein stocks in labeled eppendorfs and stored them at -20 °C.  
We carried out this procedure for WT, C9A, and P10A protein samples. Once 
adequate amounts of each were made, we then ran various tests to elucidate any 
differences between the C9A and P10A mutants and the WT protein. 
3. 17% Tris-Glycine Gels 
 To assess the purity of the proteins, we used SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE).  For use in SDS-PAGE, we prepared 17% tris-glycine gels. 
The bottom, separating portion of the gel was composed of 17% Acryl/Bisarcrylamide 
(30%; 29:1) stock solution, 25% of 3 M Tris solution (pH 8.8), 0.1% SDS, 5% Glycerol, 
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0.03% of APS (10%), and 0.05% of TEMED.  The top, stacking portion was composed 
of only 4% Acryl/Bisarcrylamide, and pH was 6.8. 
 We prepared uniform concentrations of WT, C9A, and P10A protein samples.  
We combined 10 µL of each protein sample with 10 µL of 2X-SDS-reducing loading 
buffer and then placed in boiling water for 2 minutes.  Volumes of 10 µL of the protein 
and loading buffer were injected into the wells of the 17% tris-glycine gels, which were 
then submerged in a buffer of Tris (25 mM) and Glycine (190 mM). A 200 V charged 
separation was applied to the system for one hour. Following migration of the 
polypeptide chains, we removed the gels and stained them with Coomassie Blue for 30 
minutes in order to make the protein bands visible on the gels. 
4. UV-Vis spectroscopy 
Following elution from the Ni-affinity column and subsequent dialysis in SEC 
buffer, we determined the concentrations of various protein samples by calculations using 
UV spectrometry. Using the eq (1)  
(absorbance @ 280 nm) - (absorbance @ 350nm) * (1,000 mM/M) (1) 
          (21,000 cm-1M-1) * (width of cuvette in cm) 
we were able to calculate the concentration of the samples in mM.  Concentrations of 
stocks were recorded and then subsequently used to ensure uniform concentration when 
preparing samples for analysis by for acquisition of spectra, calcium titrations and 
thermal denaturations. 
 In order to take UV spectra of our three proteins, we assembled protein samples in 
apo SEC buffer with 3 mM TCEP to uniform concentrations of 100 µM each. We 
blanked spectra against an SEC buffer reference (with no protein) to correct for baseline 
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values.  Absorbance was read between 350 nm and 200 nm.  The stock solutions 
mentioned above were also used to compare the structures of the proteins in spectral 
studies, stability in thermal denaturations and calcium-binding affinity.  
5. FL Spectroscopy 
We prepared two conditions of each protein sample.  First was the Apo condition, 
in which we dialyzed the proteins in SEC buffer with 3mM TCEP.  The TCEP dialysis 
step was done to ensure the presence of the monomeric form of the protein only. TCEP 
disrupts any covalent disulfide bonding between cysteine residues, thus removing any 
covalent dimer. Strand-swapped dimer was also absent in the apo condition due to the 
lack of Ca2+. Second was the Ca2+ condition, in which the protein samples were dialyzed 
in SEC buffer with 1 mM Ca2+ and 3 mM TCEP in order to induce the formation of the 
strand-swapped dimer. After dialysis, we prepared 150 µL of each protein sample at 
concentrations of 2.5 µM and excited electronic transitions for the tryptophan at 295 nm 
and collected emission scans over a wavelength range of 300-410 nm. 
6. Circular Dichroism Spectroscopy 
We prepared protein samples with concentrations of 5 µM for both apo and Ca2+ 
conditions. We then collected spectral scans from 300 to 200 nm on a AVIV SF 202 
Circular Dichroism (CD) Spectrophotometer.  This wavelength range is the region in 
which protein absorbs light. This CD spectral experiment is critical to assess whether the 
overall folded structures of the mutants are similar to WT protein. 
7. Thermal denaturation 
We prepared 2.0 mL of 5 µM concentrations for each protein sample in both the 
apo and the 1 mM Ca2+ conditions. Each sample was loaded into a stoppered cuvette 
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fitted with a temperature probe to measure the exact temperature of the solution over a 
temperature range of 15 to 95 °C.  The CD signal was averaged for 5 seconds and 
recorded at 227 nm for each degree increment in temperature. The equilibration time at 
each temperature was 30 seconds.   
8. Liquid Chromatography 
In preparation for liquid chromatography on the Akta Purifier HPLC in Dr. 
Mossing’s laboratory, each of the three protein samples was dialyzed three times 500 mL 
of SEC buffer with 1 mM Ca2+ and 3 mM TCEP. We then prepared samples of 0.1 mL of 
100 µM concentration for each protein. We injected the samples onto a Superose 12 
10/30 column (Pharmacia) with a mobile phase of SEC buffer with 1 mM Ca2+ and 3 mM 
TCEP. The samples were pumped through the column at 0.5 mL/min and then passed 
through a UV-absorbance detector, which recorded the absorbance at 280 nm, as they 
eluted.
 
B. Methods 
1. SDS PAGE 
 SDS PAGE was used to assess the sizes of the various protein samples.  In this 
technique, proteins migrate through a gel (we used 17% tris-glycine gels), which acts as a 
sieving matrix, based on the molecular weight of the polypeptide chains. Under the 
influence of an applied electrical field, the negatively charged protein samples migrate 
varying distances based upon their size. Larger proteins migrate a shorter distance, 
whereas smaller, more motile proteins are able to travel farther, faster. Based on the 
distance of migration (in comparison to a standard of known migration patterns) we are 
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able to discern the molecular weight of various bands of protein. A thick band in a 
specific location indicates a high concentration of protein at that molecular weight (MW). 
In native electrophoresis, we would expect the strand-swapped dimer form of proteins to 
migrate a shorter distance due to larger size when compared to the smaller monomeric 
structure. In SDS-PAGE, both tertiary and quaternary structure would be disrupted, 
resulting in monomer and dimer migrating identically. 
 Sodium Dodecyl Sulfate (SDS) plays an essential role in the determination of the 
exact MW and purity of proteins using electrophoresis.  As a detergent, it denatures the 
protein and uniformly adds negative charge over the amino acid chain. This process 
makes the negative charge proportional to the protein's molecular weight, so its migration 
will then be representative of only its size. Volumes of 10 µL of the protein and loading 
buffer were injected into the wells of the 17% tris-glycine gels, which were then 
submerged in a buffer of Tris (25 mM) and Glycine (190 mM). The application of a 
voltage drop across the gel forced the negatively charged polypeptide chains to migrate 
down the gel. Larger molecules are slowed by the gel matrix and appear toward the top of 
the gel.   
2. Electronic Transitions 
 Several spectroscopic methods are rooted in observation and analysis of electronic 
transitions. An electronic transition occurs when a chromophore of a given sample 
absorbs a specific wavelength of light needed to excite an electron from its highest 
occupied molecular orbital (HOMO) to its lowest unoccupied molecular orbital (LUMO). 
The photon absorbed by the sample provides the needed energy to drive the uphill 
displacement of an electron to a higher energy level. This high energy electron 
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conformation is only transient due to its instability. Soon after its excitation, the electron 
falls back down to its lower energy ground-state position. As the electron reverts to the 
ground-state, the sample releases energy by collisional deactivation (absorption spectral 
signal only) or by emitting a photon of longer wavelength light (absorption then 
emission). The absorption, energy change, and emission associated with this transition 
can provide useful insight into the structure of each sample. This information can then be 
compared to elucidate similarities and differences in structure of the various samples. 
a) Ultraviolet-Visible (UV-Vis) Spectroscopy 
 This instrument uses the visible and near-visible spectrum of light (200-800 nm) 
to assess the difference in light absorbance between a given protein sample and a blank 
buffer reference. When chromophores of the sample are exposed to wavelengths of light 
that correspond with the energy needed for an electronic transition, the light energy is 
absorbed and an electron promotes to a higher energy orbital. This absorption of specific 
wavelengths of light and their intensities are recorded by a detector and compiled into a 
graph. Absorbance peaks at characteristic wavelengths provide insight into the structure 
of the proteins as certain residues absorb distinct wavelengths of light. In proteins, light 
absorbed by tyrosine and tryptophan residues is in the near UV region. Peptide bonds 
absorb in the far UV, an absorbance region that is complex due to background signals 
from the agents used as pH buffers in the experiments. 
b) Fluorescence (FL) Spectroscopy 
 Another way that we tested structure uniformity between the three protein 
samples was by analysis using a fluorescence spectrometer.  This instrument shoots a 
beam of light, originating from a light source positioned at a 90 degree angle from the 
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detector, through a sample-containing cuvette. The light passing through the sample 
causes the absorption of a photon and excitation of an electron from its low-energy 
ground state into a higher electronic state (excitation). This transient high energy state 
soon reverts back to lower energy as the electron returns to the ground state and emits a 
photon of a longer wavelength (emission). These emitted photons are recorded by the 
detector and compiled in an emission scan.  
 FL Spectroscopy reveals information about the local environment of the amino 
acids, in this case specifically focusing on the tryptophan (W). Fluorescence of W 
residues is sensitive to the polarity of their immediate environment [25].  The 
hydrophobic sidechain present in W2 affects the stability of this residue and the overall 
protein based on its docking into a hydrophobic pocket [26]. Thus, FL Spectroscopy 
analyses can provide us information about the stability of local environments of one 
protein in comparison to another. 
c) Circular Dichroism (CD) Spectrometer  
 A third spectroscopic tool that we utilized was a circular dichroism (CD) 
spectrometer. This type of analysis is also is based on electronic transitions, but in a 
slightly different way. Specifically for this machine, circularly polarized light (CPL) 
within the visible and ultraviolet ranges is passed through a sample in a cuvette. The 
sample can then absorb varying amounts of right-circularly polarized light (R-CPL) and 
left-circularly polarized light (L-CPL) depending upon its chiral chromophores. Only 
chiral chromophores, like those present in peptide bonds, will absorb CPL resulting in 
attenutation of the incident beam of light. A detector is positioned opposite the light 
source to detect the change in R-CPL and L-CPL due to disparate absorption. The 
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resulting difference in the extinction coefficients for the R-CPL and L-CPL is the CD 
signal (mdeg) over the corresponding wavelengths of light can be zero (no difference in 
absorption), positive (more L-CPL absorbed), or negative (more R-CPL absorbed).  
 CD spectroscopy is especially useful because can provide insight into the overall 
secondary structure of macromolecules since each peptide bond is a chromophore. This 
instrument can provide structural, kinetic and thermodynamic information about changes 
in secondary structure due to varying environmental conditions including changes in pH 
and temperature. Thus, analysis can be used to determine effects of mutations on 
polypeptide global folding and stability. 
(1) Thermal Denaturation (T-melt) 
 In addition to the regular CD scan, the CD machine was also used to run T-melt 
analyses. Under this function, the temperature of the sample gradually rises from 15 °C to 
95 °C, inducing denaturation. Using the same technique of analyzing the changes in CPL, 
this reveals an unfolding transition that can be recorded and then compared. As the 
protein is heated, the EC domains respond differently based on their differing levels of 
stability. A more thermodynamically stable domain will be able to withstand more heat 
and in turn will denature at higher temperatures. Using this logic, we can make 
comparisons of stability at each EC domain based on the temperature at which it unfolds. 
This function of the CD spectrometer also reveals the presence of intermediates along the 
unfolding pathway. Analysis of the collected data may be analyzed with the Gibb’s-
Helmholtz Equation 
)ln()1(
m
mp
m
mobs T
TTTTC
T
THG −−Δ+−Δ=Δ     (2) 
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in order to calculate the midpoint of the unfolding transition (Tm) and the enthalpy of 
unfolding (ΔHm) and the change in enthalpy as a function of temperature (ΔCp). These 
values provide useful information for comparison of the unfolding of the various proteins 
(Table 2). 
3. Liquid Chromatography 
The mobile phase is propelled through the stationary phase of the column by a 
high-pressure pump. While the mobile phase traverses through the stationary phase, the 
sample is injected into flowing mobile phase. The stationary phase acts as a sieving 
matrix, separating the molecules in the protein sample based on size. As the mobile phase 
passes through the column at a constant rate, the sample is partitioned into bands 
depending on their ability to explore the internal volume of the stationary phase beads. 
As the liquid reaches the end of the column, it passes through a detector that records the 
absorbance of light.  The wavelength is chosen to suit the analytes.  
We expect the dimeric form of the protein to elute first due to its larger size and 
therefor, greater time in the actively flowing mobile phase of the column.  Conversely, 
the monomeric form is expected to elute later since it can explore the internal volume of 
the beads, and therefor will be out of the actively flowing mobile phase.  These smaller 
proteins give rise to a protein band with an absorption peak at a higher elution volume. 
This technique dilutes samples as they pass through the column because it is not an 
adsorptive/elution technique.  
The chromatogram generated by liquid chromatography can shed light on the 
composition of the samples. Comparison of these chromatograms can highlight any 
alterations due to the mutations in C9A and P10A as compared to the WT protein. In our 
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system this technique can also indicate the kinetics of monomer:dimer exchange. A 
single peak in the SEC chromatography indicates the monomer and dimer forms are in 
rapid exchange.  If there are two peaks, it indicates that the monomer and dimer are in 
slow exchange. 
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III. RESULTS AND DISCUSSION 
A. GetArea 
GetArea [27] is a program that measures the accessibility of protein residues by 
rolling a sphere the diameter of a water molecule over the surface of a 3-D structure of a 
given protein. This software generates data indicating what percentage of each amino 
acid residue in a protein that is accessible to water, including backbone and side chain 
atoms.  As depicted in Figure 6, the side chain atoms of the cysteine residue in position 9 
(C9) is only 5.7 percent accessible to water on the surface, meaning it occupies an 
interior position in the overall protein. This reveals that the C9 position is not available 
for disulfide bond formation in the closed ECAD12 monomer.  However, it is possible 
that in the strand-swapped structure, the side chain of C9 is exposed and covalent dimer 
results. In addition, notice that the hydrophobic side chain of P10 is exposed. It is 
interesting to note that the side chains of P5 and P6 are also exposed.  Exposure of 
hydrophobic side chains is atypical.  
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Figure 6.  Accessibility of protein residues.  GetArea [27] results for closed ECAD12 monomer 
with an extra Methionine (shown as residue -1).  The data of the C9 position is highlighted in green and 
suggests that it occupies a sequestered locale. 
 
The side chain of E11 is completely buried, as we would expect since the side chain 
carboxylate chelates both Ca1 and Ca2.  As such, in the calcium saturated structure, there 
is no access for the theoretical water molecule that rolls over the surface to access that 
side chain.
 
B. SDS-PAGE with 17% Tris-Glycine Gel 
SDS-PAGE was performed on the purified protein samples to assess the presence 
of smaller contaminating protein fragments (Figure 7). As indicated by the top three dark 
bands of lanes 2 through 4, the protein samples were all very pure. There were some faint 
bands of further migrating peptides, indicative of the smaller sized cleavage products, but 
this population was minimal. The primary bands were composed exclusively of the 
 
 
 
 
 
25 
monomer due to the denaturation of all secondary, tertiary, and quaternary structures by 
SDS. This high degree of purity in the protein stocks helped to ensure the integrity of our 
further analyses.  Note that ECAD constructs typically migrate at ~ 30,000 Da, which is 
slower (larger) than it should migrate (MW ~24,000 Da).  This phenomenon has been 
noted previously for acidic proteins.  We do not know why the P10A is not migrating at 
the same apparent size as C9A and WT. 
 
Figure 7.  SDS PAGE Results.  Lane 1 contains a standard used as a reference to gauge the relative 
sizes of the various protein samples. Lanes 2, 3, and 4 contain samples of wild type, C9A, and P10A 
protein, respectively. 
 
 
C. Ultraviolet-Visible (UV-Vis) Spectroscopy 
As depicted in Figure 8 there are no significant differences between WT 
ECAD12 protein and the mutated C9A and P10A ECAD12 protein sequences. The peaks 
of absorbance and intensities in all three protein stocks coincide with each other, 
indicating uniformity in overall protein structure. All three samples exemplify the typical 
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shape of folded ECAD12 protein with characteristic peaks due to tryptophan residues 
around 280 nm, suggesting that the mutations do not alter the UV spectral results.
 
 
Figure 8.  Absorbance for UV-Vis Spec.  WT, C9A, and P10A have identical spectra. The shape 
of the spectra indicate that the tyrosine and tryptophan are in folded proteins. 
 
 
D. Fluorescence (FL) Spectroscopy 
In this experiment, the monomeric form persists because the protein concentration 
is only 5% of the Kd [28].  In addition, in the apo samples, the lack of Ca2+ would further 
deminish dimerization.  ECAD has two tyrptophans, W2 and W59. Both are partially 
buried.  In this apo state, the W2 is docked in its own hydrophobic pocket, and therefore 
not accessible to water (10.1 % exposure of side chain; GetArea; 1ff5.pdb [26]).  W59 is 
not buried in a hydrophobic pocket, but is sufficiently shielded by neighboring residues 
that its side chain is only 36.7 % exposed (GetArea; 1ff5.pdb [26]).  Thus, we expect 
spectra to be the sum of the emission from W2 and from W59. If the tryptophans were 
exposed, the wavelength of maximum signal should be in the 350 nm range [11].  If they 
are completely buried they should be in the 320 nm range [11].  The wavelength of 
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maximum emission occurs at about 330 nm, an intermediate value as expected for the 
WT proteins.  For all three protein stocks, the emission scan (see Figure 9 and Table 1) 
showed that the tryptophans are partially buried, consistent with the expectation based on 
the solvent accessible surface area.  Finally, the spectra look identical, indicating that the 
mutations do not change their solvent accessible surface area.  
 
 
Figure 9.  FL Spec Emission Scan.  Following the excited electronic transitions of tryptophan 
residues at 295 nm, the emission scan was collected from 300-410 nm. 
 
In the Ca2+ condition, the presence of the calcium cation causes a conformational 
change that changes the environment of the tryptophans.  Only minimal strand-swapped 
dimer forms since the protein concentration is 1/20 of the Kd for dimerization. 
Interestingly, the wavelength maximum does not change, but there is a small change in 
the level of signal. Analyses of the emission scan for the apo and Ca2+ conditions are 
reported in Table 1. The similarity of fluorescence results for the Ca2+  and apo 
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conditions in WT, C9A, and P10A samples indicate that the mutations do not 
significantly change the local environment of the W2 and W59 residues in the 
monomeric.  
 
Table 1.  Summary of Relevant Values from Fluorescence Emission Spectraa 
   λ max (nm) Center of Mass (nm) Intensity (cps) 
 
WT 
Apo 333 345.0  64,011 
w/ Ca2+ 332  344.9 62,077 
 
C9A 
Apo 334  345.2 61,942 
w/ Ca2+ 332  345.0 59,837 
 
P10A 
Apo 333  345.1 57,445 
w/ Ca2+ 332  344.9 57,226 
a  λ max is the wavelength with the maximum intensity.  The Center of Mass is the wavelength for which 
half of the intensity is above it and below it.   
 
E. Circular Dichroism (CD) Spectroscopy 
The CD spectra are typical for proteins that are predominantly β-sheet structures.  
They display a local minimum at about 215 nm (Figure 10). When calcium binds the 
signal at 215 nm becomes less negative. This trend has been observed for N-cadherin in 
previous studies from our laboratory [23]. Congruity of CD spectral results for WT, C9A, 
and P10A in Ca2+ and apo conditions indicate coinciding overall secondary structures.  In 
recent studies on N-cadherin, we have been able to track the observed spectral change to 
the formation of dimeric structures (data from S. Davila, unpublished).  This explanation 
for the spectral change is valid in this experiment because the concentration of protein 
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was 100 µM, a level equivalent to the dimer dissociation constant.  As such, we expect 
that the ECAD proteins in these spectra are approximately half dimer and half monomer 
in solution.  It is also important to note that we have observed this “calcium-dependent” 
trend in solutions with only 5 µM protein, a far lower level that would mean far less 
dimer would form. So, in this case, the spectral change is a combination of both a spectral 
change upon calcium binding and a spectral change from dimer formation. 
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Figure 10.  CD Spec Absorption.  Disparate absorption of R-CPL and L-CPL was collected over a 
wavelength range of 200-280 nm. WT, C9A, and P10A have coinciding CD spectral results. Open data 
points indicate the Ca2+ condition; closed data points indicate the apo condition. 
 
1. T-melt 
Thermal denaturations are shown in Figure 11 for the apo and calcium saturated 
forms of each protein.  The CD signal becomes more negative as the protein unfolds, a 
phenomenon that has been observed for all unfolding transitions for N- and E-cadherin 
constructs studied in our laboratory (c.f. [11, 13, 23]).  This trend is contrary to 
expectations for a β-sheet to random coil transition [29].  A possible explanation for this 
trend is that the unfolded state is actually a polyproline-type structure [30]. Additionally, 
it is clear that the addition of calcium moves the midpoint of the second transition to a 
higher Tm, while there is no change observed in the second transition. 
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Figure 11.  T-melt Results.  Emission of CPL were collected as the proteins were denatured from a 
temperature of 15 °C to 95 °C. Open data points indicate the Ca2+ condition; closed data points indicate the 
apo condition. 
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Table 2.  Calculations for T-melt 
  
 EC2 (Transition 1) EC1 (Transition 2) 
  ΔHm1 
(kcal/mol) 
Tm1 
°C 
ΔHm2  
(kcal/mol) 
Tm2 
°C 
WT 73 ± 11 33.0 ± 0.5 56 ± 2 69.2 ± 0.2 
C9A 86 ± 7 33.6 ± 0.2 59 ± 1 70.9 ± 0.1 
P10A 100 ± 13 39.6 ± 0.5 ------ ------ 
 
 Extensive studies in our laboratory have confirmed that the first transition is from 
the unfolding of EC2 and the second transition is from the unfolding of EC2. The thermal 
unfolding transitions of the proteins in the apo condition can be fit to the Gibbs-
Helmholtz equation to resolve Tm and ΔHm values.  The value for ΔCp is fixed to 1 
kcal/(molK). As indicated by the consistency in Tm and ΔHm values for WT and C9A 
shown in Table 2, the C9A mutation has no apparent effect on the stability of the protein.  
There are no significant changes in stability of EC1 where the mutation lies or in EC2, 
indicating that the unfolding pathway of the C9A mutant is unaltered from the normal 
WT unfolding pathway.  
Conversely, the P10A mutation has an overt effect on the stability of both 
transitions. Transition 1 is stabilized in the P10A mutant, evidenced by the increase in the 
Tm value for EC2 (Table 2). In transition 2, EC1 unfolds with a very low enthalpy, 
indicating that the mutation creates at least one intermediate in the unfolding pathway.  
This implies a minimum of a 3-state unfolding transition, rather than the traditional 2-
state unfolding transition present in WT and C9A mutated proteins.
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F. Liquid Chromatography 
Despite minor differences in peak absorbance and elution volumes, the SEC 
absorbance profiles of the three protein samples generally coincide with each other. All 
three chromatograms exhibit a peak absorbance value between 13 and 14 mL. According 
to previous studies with NCAD12, a sample composed of purely monomer would have a 
peak absorbance at ~13 mL, whereas a sample composed exclusively of dimer would 
have a peak absorbance at ~14 mL [31].  Since NCAD12 and ECAD12 are so similar in 
size and structure, we can expect this same trend to be true with our ECAD samples. 
Based on this assumption, we can conclude that both monomeric and dimeric forms of 
the ECAD12 protein are present in each of our samples.  Single peaks of intermediate 
values (13-14 mL) (Figure 12) indicate that there is rapid interconversion between 
monomer and dimer at this Ca2+ concentration. This results in both states partially 
contributing to absorbance instead of individually giving rise to two distinct peaks. 
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Figure 12.  HPLC Chromatogram of WT, C9A and P10A.  Profiles are very similar and at an 
intermediate elution volume, indicating that there is an equilibrium between monomeric and dimeric 
species. 
 
The concentration present in the samples is equivalent to the Kd for dimerization, 
so the samples are composed of 50 percent monomer and 50 percent dimer. The 
abundance of each species is dynamic as monomers associate into dimers and then 
dissociate back into monomers.  Also, this technique dilutes sample, so the actual 
concentration of protein when the sample elutes is ~ 0.3 x the original concentration. This 
dilution will decrease the fraction of protein in the dimer state leading to elution volume 
closer of that expected for monomer. The overwhelming similarity between WT, C9A, 
and P10A chromatograms, reveal that the induced mutations do not significantly change 
the formation of dimer. 
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IV. CONCLUSION 
 Following extensive research into the structure and functionality of the mutated 
C9A and P10A proteins, our data revealed little evidence of change due to mutations of 
the “hinge” residues. UV-Vis absorbance scans, FL emission scans, and CD scans all 
showed highly similar results between the structures of mutated ECAD12 and WT 
ECAD12 proteins. This similarity indicates that the mutations did not significantly 
disrupt the fundamental folding and structure of the proteins. 
The only analytical technique that showed some degree of difference was the 
thermal denaturation profiles. Judging from the denaturation data, there was little 
indication that the C9A and P10A mutations had an effect on the structure of the mutant 
proteins; the transitions all showed the expected two transitions indicating the large 
relative differences between EC2 and EC1 in these proteins.  However, there was a 
profound effect on the stabilities of both EC1 and EC2 in the protein with the P10A 
mutation. The P10A mutation caused the addition of an intermediate in the unfolding 
pathway of EC1 and an increase in stability of EC2. Also, it is important to note that all 
mutations are in EC1, but can have an effect upon both EC2 and EC1. 
In addition to having little effect on structure, these mutations also had little effect 
on dimerization. Overwhelming similarity between LC chromatograms revealed that the 
C9A and P10A mutations were inconsequential to dimerization. The dimerization data 
shown in this document is a low-resolution assessment of this phenomenon. As a part of 
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this work, we have started a collaboration with Prof. John J. Correia at the University of 
Mississippi Medical Center to study dimerization using Analytical Ultracentrifugation. 
Theses overall results are significant because they provide insight into the 
functionality of ECAD.  These studies done with ECAD12 help us to understand the 
importance of the amino acid residues at position 9 and 10 in EC1 of the polypeptide 
chain. Based on our studies, the cysteine in position 9 present in the WT ECAD protein is 
not essential to ECAD structure and function.  The lack of difference in our data between 
WT and C9A mutants indicate that changing the C9 residue had no profound effect on 
protein folding or dimerization. Additionally, our studies did reveal a higher importance 
of the proline in position 10. When mutated to alanine instead of proline, the residue in 
position 10 did have an obvious effect on the stability of the EC domains. This effect 
shows that the P10 residue plays a more pivotal role in normal overall ECAD folding. 
Despite its influence on ECAD structure, P10 did not have a similarly influential role on 
dimerization. 
These findings help us understand how and why ECAD functions the way it does.  
Understanding ECAD is of upmost importance because malfunctioning ECAD can have 
dire consequences, as is the case with epithelial-mesenchymal transition, a hallmark of 
metastatic cancer. Further studies on ECAD and all types of cadherin will hopefully bring 
us even closer to understanding all aspects of cadherin function and aid us in preventing 
harmful consequences of cadherin malfunction.
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